Seismic refraction methods have been extensively used in petroleum, mineral, and engineering investigations, and to some extent for hydrologic applications, during the past 30 years. Recent advances in equipment, sound sources, and computer interpretation techniques make seismic refraction methods highly effective and economical for obtaining data for groundwater modeling studies. Aquifers that can be defined by one or more seismic velocity surfaces, such as alluvial or glacial deposits in consolidated rock valleys, limestone, or sandstone underlain by metamorphic or igneous rock, or saturated unconsolidated deposits overlain by unsaturated unconsolidated deposits, are ideally suited for seismic refraction methods. Seismic refraction allows economical collection of data for one or more model input parameters and provides the basis for efficient collection of subsurface data by test drilling or aquifer tests.
INTRODUCTION
Seismic refraction methods have been extensively used in petroleum, mineral, and engineering investigations and to some extent for hydrologic applications, during the past 30 years. Recent advances in equipment, sound sources, and computer interpretation techniques make seismic refraction methods highly effective and economical for obtaining data for groundwater modeling studies. Seismic refraction should be considered in the planning stages of hydrologic studies and used as a tool by the hydrologist to solve problems associated with pump tests, simulation models, test holes, geologic maps, borehole geophysical techniques, etc.
Classically, surface geophysical techniques have been used early in the exploration process. Hydrologists, following this example, should use these techniques early in their study, prior to using more expensive data-collection techniques such as drilling or aquifer testing. Such use of seismic refraction techniques will minimize expensive data-collection activities and will result in higher quality, more efficient hydrologic modeling studies.
To utilize the technique effectively, hydrologists must understand its principles, limitations, advantages, equipment, field procedures, interpretation procedures, and potential uses.
SEISMIC REFRACTION: THEORY AND LIMITATIONS
Many textbooks and numerous journal articles present the details of seismic refraction theory (Dobrin, 1976; Mooney, 1984; Slotnick, 1959; Musgrave, 1967; Telford, 1976; Parasnis, 1979; Grant and West, 1965) . The following discussion only reviews the very basic principles and limitations of the seismic refraction method.
The foundation of seismic refraction theory is Snell' s law, which governs the refraction of a sound or light ray across the boundary between layers of different physical properties. As sound waves travel from a medium of low seismic velocity into a medium of higher seismic velocity, some are refracted toward the lower velocity medium, and some are reflected back into the first medium. As the angle of incidence of the sound ray approaches the critical angle (an angle where the refracted ray grazes the surface of the contact between the two media), most of the compressional energy is transmitted along the surface of the second layer, at the velocity of sound in the second layer. As this energy propagates along the surface, it generates new sound waves in the upper medium (Huygens' principle: every point on an advancing wavefront can be regarded as the source of a new sound wave) that in turn propagate back to the surface at the critical angle and at the seismic velocity of layer one. For seismic refraction to work, therefore, Manuscript received by the Editor May 10, 1984; revised manuscript received June 27, 1985 *US. Geological Survey, 450 Main Street, Rm. 525, Hartford, CT 06103. This paper was prepared by an agency of the US. government. the velocity of sound in each deeper layer must be greater than in the layer above it. When this condition is met, the refracted wave arrives at the Earth' s surface where it can be detected by a geophone which generates an electrical signal and sends the signal to a seismograph.
From a series of geophones placed on the ground, the seismic arrival time versus the shot-to-detector distances ( Figure  1) Mooney (1984) . Figure 1 shows that at distances less than the crossover AJJ is the change in time distance, the sound has traveled directly from the sound At the crossover distance and beyond, the sound wave that source to the detectors. Because this compressional wave has has traveled through layer one, then along the interface of the traveled a known distance in a known time the velocity of high-speed layer (layer two), then back up to the surface layer one can easily be calculated. In the time-distance curve, through layer one, arrives before the wave that has been in the u, is equal to inverse slope of the plotted line, or slow layer all the time All first compressional-wave arrivals at geophones with distances larger than the crossover distance will therefore be refracted waves from the high-speed layer. When these points are plotted on the time-distance curve, the inverse slope of this segment equals the apparent velocity of layer two, which is the true velocity of layer two if it is parallel to the land surface. To determine the true velocity of layer two when it is dipping, the shotpoint will have to be placed at the opposite end of the geophone line, a reversed time-distance curve will have to be plotted, and the true velocity will have to be calculated. The intercept time and the crossover distance (Figure 1 ) are dependent upon the velocity of the two materials and the thickness of the first layer and can be used to determine the thickness of the first layer. Analytical and graphical solutions for calculating the depth to individual refractors under various conditions (i.e., sloping boundaries, multiple layers, etc.) are presented in many texts (e.g., Dobrin, 1976, and Mooney, 1984) .
Limitations of the seismic refraction method
Two special cases that ultimately affect the success or failure of seismic refraction investigations are: (1) blind zone problems. i.e., thin intermediate seismic velocity refractors; and (2) slow seismic velocity layers underlying high seismic velocity layers.
Thin intermediate seismic velocity layer problem
One of the most serious limitations of the seismic refraction method is the possible existence of a geologic layer that cannot be detected (Soske, 1954; Sander, 1978) . This problem occurs when an intermediate layer in a geologic section meets the criterion that the velocity of sound increases with depth but has an insufficient velocity contrast or thickness in order to return first arrival energy. This problem is especially critical in water-resources investigations, because the intermediate layer may be the zone of interest in the study, i.e., saturated unconsolidated material located between unsaturated unconsolidated material and bedrock. This layer cannot be defined by any alternative field array of geophones or shotpoints. If the presence of this layer is suspected, however, calculations can be made to determine the minimum and maximum possible thickness of this unit (Mooney, 1984; Redpath, 1973; Sander, 1978) . Table 1 shows the maximum thickness of this undetected layer under varying geologic conditions.
Hidden-layer or velocity reversal problem
In some hydrologic settings, the velocity of sound in the Earth' s layers does not increase with depth and low seismic velocity units underlie high seismic velocity units. An example of this is an unconsolidated sand and gravel aquifer underlying compact glacial tills. In this case, the low-velocity unit will not be detected by the refraction technique and the calculated depth of the deeper unit will be in error. Snell' s law explains the problem-the sound wave will be refracted toward the low-velocity medium-and in this case, the refracted wave would not be detected at the surface until it encountered a layer with a velocity higher than any layer previously encountered.
HYDROLOGIC USES OF SEISMIC REFRACTION TECHNIQUES

IN NEW ENGLAND
The hydrologic setting of the major glacial aquifers in New England consists of unconsolidated glacial deposits underlain by consolidated bedrock. The velocities of sound in and the general stratigraphic relationship of the various hydrologic units in New England are shown in Table 2 .
It is evident from Table 2 that several important hydrologic boundaries of unconsolidated glacial aquifers can be defined by large velocity changes and that the velocity of the sediments usually increases with depth. In this setting then, seis- (1) determine the depth to the water table in unconsolidated materials (provided the saturated section is thicker than the unsaturated section); (2) determine the depth to and thickness of the lodgement till (provided it has a significant thickness and velocity contrast); (3) determine the depth to bedrock and general bedrock type; (4) plan an economical drilling program; and (5) obtain data in areas not easily accessible to drilling rigs.
EQUIPMENT
A block diagram of a typical seismic refraction system is shown in Figure 2 . A wide variety of seismographs are available from different manufacturers, ranging from simple, inexpensive single-channel units to very sophisticated, expensive multichannel units used in the petroleum industry. Almost all of the modern units record the data digitally and are compatible with digital computers. The type of equipment best suited for water-resources studies is somewhere in the middle of this field and is typically a 12-or 24-channel signal enhancement seismograph. These units are capable of utilizing a nonexplosive sound source because they can add the signals from several successive nonexplosive impacts to increase the amplitude of the refracted signal more than that of the random noise.
Geophones convert the physical movement of the ground to an electrical signal. In seismic refraction work, low-frequency (8-10 Hz) vertical motion geophones are used. They are attached to the geophone spread cable at measured intervals, and are planted for optimum physical contact between the geophones and the ground.
Geophone cables come in a variety of lengths with a predetermined distance between each geophone connection. Many different types of field vehicles can be used for seismic refraction work. Figure 5 shows a pickup truck set up for seismic field work. Since explosives will most likely be used during a study, the vehicle is equipped with a small drill rig to bury the explosive charge.
INTERPRETATION
During the field operation, seismograph records and tapes are obtained that record the time the sound source is initiated and the time of the ground movement as the waves arrive at each geophone. In seismic refraction work, only the first arrival of energy at the geophone (the compressional sound wave) is utilized. Upon completion of data acquisition in the field, the interpretation phase is begun.
The first step in interpretation is to determine the time from initiation of the sound source to the first arrival of energy, for each geophone. When there is sufficient energy in the sound source, and ambient noise is minimal, the first breaks are sharp and this procedure is straightforward. When ambient noise exists (such as operation of heavy equipment or highway traffic) and/or mechanical sound sources are used, picking first-arrival times can become difficult.
The record in Figure 6 Since seismic refraction techniques have been used for a long time many interpretation schemes (Dobrin, 1976, 31% 331) and countless modifications to these schemes have been developed and published in the literature (Musgrave, 1967, 5655594) . Formulas, nomographs, and most recently, computer programs, are available for almost every type of field problem. Each of these techniques has its strong points, and when properly selected and intelligently applied they usually give satisfactory results.
FIG. 3. Mixing two component explosives in the field.
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One problem inherent in all geophysical studies is the ambinear each shotpoint. The delay-time interpretation technique, guity of any particular geologic model to a set of field data.
on the other hand, provides a depth to the refracting layer for The source of the problem is that geophysical techniques meaeach geophone that receives a refracted wave from that layer. sure physical properties of the Earth remotely (i.e., from the For example, a standard approach for mapping the water surface), and several different combinations of Earth materials table is to use one shot on each end of a 1Zgeophone spread. can give the same signal at the surface. The solution is appli-A standard formula interpretation would provide one depth to cation of the interpreter' s geologic or hydrologic knowledge of water near each shotpoint. The computer modeling program the study area. Successful interpretation of seismic refraction provides up to 12 depths to the water table for each shot records depends upon the hydrologist' s being the interpreter along the same spread. Consequently, much more information or at least being directly involved in the interpretation proon the subsurface can be obtained from the same amount of cess. Failure to involve the hydrologist inevitably leads to field work. In addition, the earth model obtained from the poor results that are usually blamed on the seismic refraction delay-time process is refined by iterative ray tracing that commethod. Success of a seismic refraction study is much more pares the sound wave traveltimes measured in the field to dependent upon the interpreter than on the specific interpretacalculated traveltimes through the model, and adjusts the tion scheme used. earth model to minimize any differences. The U.S. Geological Survey utilizes a seismic refraction inverse modeling computer program (Scott et al., 1972; Scott, 1977 ) based on the delay-time method described in Pakiser and Black (1957) and a ray-tracing modeling technique. A sign&ant advantage of this interpretation technique over the standard formula interpretations is that it uses the data collected at each geophone for interpretation. In a simple twolayer case, a standard interpretation utilizing text formulas (Dobrin, 1976) In addition, common field problems such as elevation corrections, offset shots, and profile lines that are not straight can be handled easily by the computer program. A seismic refraction profile from a groundwater modeling study underway in Monroe, CT is shown in Figure 7 . This is the final output of the seismic refraction portion of the study, and the information obtained can now be used in the groundwater modeling study.
USE IN GROUNDWATER MODELING STUDIES
A groundwater modeling study conducted by the U.S. Geological Survey in Newtown, CT (Haeni, 1978) utilized seismic refraction techniques. Its purpose was to predict the effects of groundwater withdrawals on a stratified-drift stream aquifer system. Similar modeling studies in New England that also used the seismic refraction method were described in Morrissey (1983) and Mazzaferro (1983) .
The seismic refraction survey in the Newton study was initiated after all existing data for the aquifer were inventoried and before any test drilling was started. Figure 8 shows the location of the seismic refraction profiles in the study area. Lines  A-A' , D-D' , G-G' , H-H' , and I-I' were along the axis of the valley and were used to determine the saturated thickness of the aquifer.
Line G-G (Figure 9) shows the asymmetry of the bedrock channel beneath the stratified drift. Using these data, the hydrologist can choose the optimum placement of any planned drill holes in this study area.
Line I-I' (Figure 9 ) was located in a swampy area that had limited vehicle access; the data collected by the refraction survey were the only economical means to obtain aquifer data. Based on existing data, this site was expected to show thin aquifer material (and its position at the head of the valley). Instead, the results showed that 21 m of saturated material was present. Subsequent drilling nearby proved this area had coarse-grained material and was an excellent site for future well-field investigations. The local water company subsequently conducted a detailed site investigation, and two production wells were eventually located near this site.
Lines B-B' , C-C, E-E' , and F-F' (Figure 8) were to the east side of the main valley and were located where no existing geohydrologic information was available. The purpose of these lines was to determine if any appreciable saturated aquifer thickness existed on the sides of the main valley under a thick section of unsaturated material. The results of lines E-E' and F-F' are shown in Figure 10 .
After the results of the seismic surveys were interpreted, the data were used to design an exploratory drilling program in the valley. Test holes were located where additional data were needed and in areas that had thick, saturated sections. assigned values that need not be changed during the calibration process. In addition, by using this technique, problem areas within the modeled area that develop during the modeling process can be checked in the field for water level and saturated thickness data. Other advantages of using the seismic refraction technique in groundwater modeling studies are as follows.
(1) It is an economical method to obtain data for groundwater mode! input.
(2) The data can be in the form of continuous profiles instead of individual point data.
(3) The data are relatively accurate. Depths to individual refractors are normally within 10 percent of the actual depths (Zohdy et al., 1974 
